The electrical characteristics, and the range of interface metal-semiconductor reactions of Ti/Al/Ni/Au metallization with AlGaN/GaN heterostructures at various annealing temperatures ranging from 715 • C to 865 • C, have been investigated. The relation between the depth of the interface solid state reaction and the current-voltage (I-V) characteristics of the ohmic contact, have been studied. It was observed, that the transition from nonlinear to linear I-V behaviour occurred after the annealing at 805 • C. The structural changes in AlGaN/GaN heterostructures beneath the metallic contact after the thermal treatment, were investigated. After removing the metallization by etching, the atomic force microscope profiles and scanning electron microscope images, were studied to define the depth to which the interfacial solid state reactions between the metallization and the semiconductor structure take place. It was observed, that the changes in the heterostructures, caused by the interface m-s reactions, were observed up to a depth of 180 nm at 865 • C. In the worst case, this could result in the complete removal of the two-dimensional electron gas under the metallization of the ohmic contacts. To study the influence of the annealing process parameters on the properties of the two-dimensional electron gas, the van der Pauw Hall mobility measurement was performed.
Introduction
AlGaN/GaN heterostructure based sensors and field-effect transistors have been an area of intense interest for high temperature, high power, and high frequency electronic device applications [1] [2] [3] [4] .
The * E-mail: wojciech.macherzynski@pwr.wroc.pl AlGaN/GaN heterostructure field effect transistors (HFET) are capable to handle higher current densities than other III-V HFETs due to higher two-dimensional electron gas (2DEG) density (10 13 cm −2 or higher) accumulated at the AlGaN/GaN interface [5, 6] . Many efforts have been dedicated to the development of fabrication processes of the nitride devices.
Wide bandgap semiconductors are able to withstand the harsh environment and high temperature, thus, AlGaN/GaN devices could find many applications in such fields as: the military, aerospace, automotive and petroleum industries, engine monitoring, flame detection, and solar UV detection [7, 8] . However, the thermal stability of AlGaN/GaN heterostructures and their chemical inertness also engender difficulties in ohmic contact formation. High annealing temperatures, usually over 800
• C, are required to established good ohmic contact performance [9] [10] [11] [12] [13] [14] [15] . On the other hand, so high annealing temperature causes changes at the heterostructure and metal-semiconductor interface, which in turn leads to alteration of 2DEG parameter -carrier mobility. Low resistance ohmic contacts to AlGaN/GaN are of great importance because an improvement of their electrical properties would lead to enhancement of the device performance. The fabrication of low resistance ohmic contacts is difficult because of the relatively high work functions of a large number of various metals in comparison with the electron affinity of Al Ga 1− N materials [16] . Aside from the low resistance requirement, the ohmic contacts to AlGaN/GaN heterostructures have to meet additional requirements, such as thermal and chemical stability, when they are dedicated to operating in extremely harsh conditions. In this paper we report on the electrical properties and interface reaction between Ti/Al/Ni/Au metallization and AlGaN/GaN heterostructures.
After etching off Ti/Al/Ni/Au metallization, the authors deduced from scanning electron microscopy (SEM) images and atomic force microscopy (AFM) profiles that microstructural changes had been introduced at the metal-semiconductor interface after thermal annealing. To study the influence of the annealing process parameters on the properties of AlGaN/GaN heterostructure, in particular on the two-dimensional electron gas (2DEG), an indirect method using the Hall mobility measurement in the van der Pauw geometry was employed [17] .
The Ti/Al based ohmic contact is one of the most prevalent metallization schemes of ohmic contact in AlGaN/GaN heterostructures [9] [10] [11] [12] [13] [14] [15] . A titanium layer is essential as, at elevated temperatures, the Ti participates in the reaction with nitrides at the interface and forms TiN [13] [14] [15] . This reaction extracts nitrogen and generates N-vacancies. N-vacancies act as n-type dopants and create a highly doped layer underneath the metallization, leading to low-contact resistance of the Ti/Al based ohmic contact. The aluminium is the layer which is responsible for the formation of the ohmic contact to AlGaN/GaN heterostructures. A gold layer is commonly adopted as the outer layer to minimize the oxidation of Ti/Al metals during the rapid thermal annealing process. In addition, a Ni barrier layer has to be employed to minimize the diffusion of the upper Au layer downward at the Ti/Al/Ni/Au ohmic stack metallization.
Experimental details
The AlGaN/GaN heterostructure applied in this study, consisted of Al 0 3 Ga 0 7 N(25 nm)/GaN(1000 nm) grown by metalorganic vapor phase epitaxy (MOVPE) on sapphire substrate. For the research purposes, two main groups of samples have been prepared, the first one with a photolithographic mask designed for I-V measurements, and the second one without a photolithographic mask dedicated for the depth AFM profiles and SEM images.
The sheet carrier concentration and the mobility of electrons in the channel were 9x10 12 cm
and 1769 cm 2 /Vs, respectively, as determined by Hall measurements. Prior to metal deposition, the native oxide (Ga 2 O 3 ) was removed from surface by etching in HCl:H 2 O (1:1) solution, followed by a deionised water rinsing and drying in N 2 flow. Then, the samples were immediately loaded into the vacuum chamber of an evaporation system. The metallic contact, consisting of Ti/Al/Ni/Au (20/100/40/150 nm), was deposited on the substrate under vacuum conditions with a base pressure lower than 10
mbar. The Ti and Ni layers were deposited by using an electron beam evaporator in contrary to Al and Au metallic layer, which were deposited by a resistance evaporator. The Ti/Al/Ni/Au multilayer ohmic metallizations were annealed at various temperatures in the rapid thermal annealing (RTA) system. The range of temperature of thermal annealing was selected on the basis of the authors' previous study [18] . The temperature of each annealing process was changed over the range from 715
• C to 865
• C and the annealing time of 60 seconds was kept for all samples. The influence of the annealing process on the electrical contact properties was studied by evaluation of its I-V characteristic. To study the influence of the annealing process parameters on the properties of the heterostructure, in particular on the 2 dimensional electron gas, an indirect method using the van der Pauw Hall mobility measurement was employed. The atomic force microscopy profiles and scanning electron microscopy (SEM) images were used to define how deep the interface metal-semiconductor (m-s) solid state reactions reach. In order to assess the depth of the reactions occurring during the thermal treatment between the metallization and the semiconductor structure, the metals forming the ohmic contact (Ti, Al, Ni, Au) were selectively etched.
After the etching of the metal layers, the SEM images of topography of the surfaces underneath the contact area were taken and AFM profiles were measured. This procedure allowed us to observe the changes of the metal-semiconductor interface. The samples dedicated for AFM profiles and for some SEM images, were etched to remove the multilayer Figure 1 shows the current-voltage (I-V) characteristics between two contact pads for the samples annealed at various temperatures. The linear ohmic I-V characteristics were obtained after annealing at the temperature of 805
Results and discussion
• C and higher. The as-deposited (not annealed) sample showed a rectifying character. The van der Pauw Hall mobility measurement showed that the sheet density of carriers beneath the metal contacts remained on the same level of 9×10 12 cm
, however, the Hall mobility of the carriers decreased from 1769 cm 2 /Vs for the non annealed samples, to 506 cm 2 /Vs for the samples annealed at the highest (865 The thermal annealing in an elevated temperature affected the whole structure and also the 2DEG just underneath the metal contacts, which led to the degradation of the heterostructure up to the complete deteriorating of AlGaN/GaN properties after annealing at temperatures above 835
• C (the Hall mobility decreased below 538 cm 2 /Vs). The process of the degradation can be explained by the interface m-s solid state reaction [19] . To confirm the structural changes at the m-s junction during the thermal treatment (as a result of the reactions occurring in the bulk substrate), and to study the influence of the reactions on the structure of m-s ohmic junction to AlGaN/GaN heterostructure, we have observed the microstructural changes after the thermal treatment at various annealing temperatures ranging from 715
• C. The SEM images of surface topography after etching off the metallization are shown in Fig. 3a-f . • C (60s) -2DEG has been preserved, c) after thermal annealing at a temperature higher than 835
• C (60s) -2DEG is completely destructed.
In order to analyse the depth of the reactions occurring in the bulk during the thermal treatment on the m-s interface, the AFM topography profiles of the surface after etching off the metallization, were observed ( Fig. 4a-f ). Level 0 nm in the Fig. 4 represents the location of the metal-semicondutor interface. To facilitate the analysis, the Fig. 4 also shows the location of 2DEG (the thickness of AlGaN layer was 25 nm). On the basis of the analysis of SEM images (Fig. 3a-b ) and AFM profiles (Fig. 4a-b ) of the samples annealed at 715
• C and 745
• C, we were not able to observe any changes in surface microstructure of the AlGaN/GaN heterostructure (underneath metallization). The topography of this surface was the same as the topography of a non-annealed heterostructure (not shown here). At 775
• C annealing, we observed the beginning of changes in the microstructure, which confirms that the interface metal-semiconductor solid state reactions begin. The depth of the reactions was up to 10 nm for this temperature (Fig. 4c) . Presenting our results, we have chosen the profiles where the changes were the deepest. After annealing at 805
• C, numerous changes could be observed up to the depth of 20 nm. But what is much more important, for the first time, we have observed the changes in the heterostructures exceeding the depth of 25 nm i.e. at the level where two-dimensional electron gas occurs. We believe, that this could be the key for linearization of I-V characteristics (Fig. 1) . These deep m-s solid state reaction products penetrated through the AlGaN and established electrical connections with the 2DEG along the AlGaN/GaN interface. However, further increase of thermal annealing temperature above 835
• C, extends the size and distribution of the solid state reaction at the interface ( Fig. 3e-f, Fig. 4e-f) , which severely disturbs the formation of 2DEG due to the extensive consumption of the AlGaN/GaN interface. For these two temperatures, i.e. 835
• C and 865
• C, the electron mobility falls below 538 cm 2 /Vs (Tab. 1), showing a complete degradation of the heterostructure underneath the metallization. We believe, that the depth of interface m-s solid state reaction is the major factor which enables and controls the mechanism of improvement and degradation of ohmic Ti/Al/Ni/Au contact to AlGaN/GaN heterostructures.
Conclusions
Current-Voltage measurements, SEM images, AFM topography profiles, and Hall mobility measurement were used to study the interface m-s solid state reactions of Ti/Al/Ni/Au ohmic contact metallization on AlGaN/GaN heterostructures as a function of the annealing temperature. The microstructural changes at the m-s interface, after etching off the metallizations, at various annealing temperatures ranging from 715
Emphasis was given to the investigation of the depth of interfacial m-s reaction in the heterostructure under metallization, to find the differences between the structures with linear and nonlinear I-V characteristics. The present study revealed a close relationship between the evolution of the electrical performance and the solid state reactions occurring at the metal-semiconductor interface. The first changes in the microstructure of AlGaN/GaN heterostructures have been observed at 775
• C. The depth of reaction was up to 10 nm at this temperature, but the I-V characteristics were still non-linear. After annealing at 805•C, we could observe numerous changes up to the depth of 20 nm and we have observed a small number of changes in heterostructures which exceeded the depth of 25 nm i.e. the level at which the two-dimensional electron gas occurs. We believe, that this could be the key for linearization of I-V characteristics. The m-s solid state reaction products penetrated up to the depth of 25 nm through the AlGaN and could establish the electrical connections with the 2DEG along the AlGaN/GaN interface. However, further increase of thermal annealing temperature above 835
• C, extends the size and distribution of the solid state reaction at the interface, which severely disturbs the formation of 2DEG due to the extensive consumption of the AlGaN/GaN interface. For these two temperatures i.e. 835
•

C and 865
• C, the electron mobility falls below 538 cm 2 /Vs, showing a complete degradation of the heterostructure underneath the metallization. We believe, that the depth of the interface m-s solid state reaction is the major factor enabling and controlling the mechanism of improvement and degradation of ohmic Ti/Al/Ni/Au contact to AlGaN/GaN heterostructures.
